This work considers a generalized differential coherent detection technique combined with equalization for data transmission over intersymbol interference (ISI) channels when carrier phase tracking is difficult. In the absence of ISI, the SNR performance of this generalized differential coherent structure is very close to the coherent detection bound. This paper presents the integration of this generalized differential detection method with channel equalization. and therefore it extends the applications of this detection technique to channels with ISI. It is shown that for high SNR. the performance degradation of this structure with respect to coherent detection and equalization is negligible. Analysis and computer simulations show that this combined detection/equalization technique is an effective solution to the IS1 problem when carrier phase tracking is difficult. One possible application of this work is in indoor wireless communjcatiOIlS.
INTRODUCTION
Due to the increased interest in communication over channels where carrier-phase-tracking is difficult (such as fading multipath channels, TDMA systems, Frequency Hopping), new differentially coherent demodulation techniques have been introduced in the last few years [1]- [4] . A feature of these detection methods is their low S N R degradation with respect to corresponding coherent detectors. However, many of the systems that these differentially coherent techniques aim at, are also impaired by intersymbol interference (ISI). Therefore, the extent to which these new differentially coherent detection techniques can be applied in practice depends on the possibility of combining them with equalization.
We consider the generalized differential detection method introduced in [l] . This structure can bc naturally combined with known equalization techniques, while the other proposed differentially coherent detectors, [2]-[4] seem to require special equalization methods. In this work we consider linear equalization to demonstrate the technique of integration with differential detection. This concept is extensible to decision-feedback equalization as well. The present work considers bandwidth efficient two dimensional modulation, where the data is encoded into the phase and amplitude of the carrier. In order to avoid carrier phase tracking, we use differential phase encoding and therefore differential coherent detection techniques can be employed.
The paper is organized along the following lines. Section 2 introduces the system model. It presents the generalized differential coherent detection technique and its integration with equalization. Section 3 analyzes the minimum mean square error which can be obtained with this structure. Section 4 considers adaptive equalization with generalized differential detection. and presents simulation results fix some multipath channels. Finally, section 5 presents the summary and conclusions of this work.
INTEGRATION OF EQUALIZATION WITH GENERALIZED DIFFERENTIAL COHERENT DETECTION
Two dimensional modulation where the data is encoded into the phase and amplitude of the carrier has been extensively employed for bandwidth efficient digital transmission [ 5 ] . A close relative to this modulation format is amplitude and differential phase modulation. Differential phase modulation structures the carrier such that phase differences and not absolute carrier phases convey information. Therefore with differential phase modulation, absolute carrier phase tracking is not necessary since the receiver can employ differentially coherent detection.
A differentially coherent detector estimates the transmitted data by making use of phase differences between successive symbols. The SNR degradation of differential detection with respect to corresponding coherent detection depends on the specific signaling format. For Binary Phase Shift Keying (BPSK) this degradation is less than one dB; however for larger signal constellations. this degradation approaches 3 dB. Many techniques have been proposed for decreasing this SNR degradation without the need of carrier phase tracking (see [l] - [4] and the corresponding references). We focus here on a particular technique introduced in [l] , and this work considers it$ applica-tion for IS1 channels.
An ideal coherent system uses a noise free phase reference and this is the reason for the improved S N R performance. With differential phase coding, the reference phase required for data detection is carried by the previous symbol. This reference is hpajred by the channel noise in the same manner as the information conveying symbol. The receiver introduced in [l] creates a phase reference by employing L past symbols. Therefore it smoothes the effects of the channel noise, and by doing so it increases the S N R of the phase reference. It has been shown in [l] that without ISI. as L+= the performance of the generalized differential detector tends to the coherent detection bound On the other hand when L=l the structure degenerates to usual differential coherent detection.
The baseband model (complex envelope (CE)) for the system considered in this work is illustrated in components which are independent. Therefore, the CE of the received signal can be expressed as me decision is in the favor of the constellation point beJq which minimizes the magnitude of the error
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In an adaptive mode of operation, this error is also used to adapt the equalizer coefficients. The analysis of this structure is presented in the next section. Simulation results for adaptive operation are presented in section 4.
MINIMUM MEAN-SQUARE ERROR ANALYSIS
The mean-square error (MSE) is given by 
E{IE[n]12}, where E[n] is the m o r defined in (4).

It is assumed that the data symbols b[n]e'v[nl
. ,r[n-L], and each such sample z[n-i] is a h e a r combination of the components of ~[ n -i ] .
Employing the well known independence assumption used in the theory of adaptive equalization, 
From (9) number of symbols, the reference phase perturbation becomes insignificant, and the overall performance tends to the coherent detection bound for an equalized signal. It has been found that increasing L from 1 to 2 results in a significant reduction in MMSE; however for L>5, the reduction in MMSE is small since the performance is already close to the coherent detection bound for an equalized signal. It appears that L=3 offers a good trade-off between reduction of the MMSE and memory in the generalized differential coherent receiver. Furthermore, the gain in going from L=l to L=2 for amplitude/phase constellations is larger than for comparable MPSK constellations. Next we investigate this StNcture with an adaptive mode of operation.
ADAPTIVE EQUALIZATION COMBINED WITH GENERALIZED DIFFERENTIAL COHERENT DETECTION
In this section we consider the combined generalized differential detector and equalizer of Fig.1 , when the coefficients of the equalizer are adapted to minimize the MSE. The adaptation algorithm considered in this paper is the LMS The operation of the system over two multipath channels with additive Gaussian noise was simulated on a computer. The two multipath channels that were considered are characterized by the following CE impulse responses : 5j6(t-3.5T) where T is the symbol time. An equalizer length (N) of 9 was used. The number of symbols used in the differential coherent receiver for forming the reference phase (L) was fixed to 3. Each simulation used a randomly chosen training sequence (known to the receiver) of length 3220 symbols. All the equalizer coefficients were initialized to zero for each trial. The simulations were performed at an SNR of 25 dB. It was found that sixty trials are needed to obtain reasonable smooth average learning curves. Fig.3 presents the results of sixty trials performed for IfQAM over the channel X. An L M S step size of 0.005 was used. It is seen that the average learning curve is reasonable smooth. Similar results were obtained also for other constellations over the two channels A and X.
Simulations were performed for the four constellations SPSK, 8V29, 16V29 and 16QAM. For the sake of brevity we present in this paper only the results for 16QAM and 16V29. Two step sizes were used , h =0.05 , 0.005. Figures 4 and 5 present the average learning curve for 16QAM and 16V29 respectively. Notice that these two figures use a logarithmic scale for the MSE. From Fig.4 and Fig.5 it is seen that the larger step size resulted in a much faster convergence, typically within 200 iterations for the two channels and the two signal constellations. However the residual MSE is larger. A step size of 0.005 resulted in a slower convergence, typically within 1500 iterations for the two constellations over channel A and 900 iterations over channel X. However this smaller step size yields a reduced residual MSE. Table 1 compares the MMSE with the residual MSE for the four constellations over the two channels with the two step sizes. It is seen that the smaller step size allows the residual MSE to be close to the MMSE. Furthermore, the residual MSE for the different constellations over the two channels is very close to each other, however the MMSE for channel X is lower than that of channel A. A combined equalization and generalized differentially coherent detection technique was presented. This structure is particularly suited for dispersive channels when traditional carrier phase tracking cannot be employed. In this work we aimed at bandwidth efficient indoor communications systems. Such systems are impaired by multipath and fading. A receiver which can cope with these impairments and can afford not to use carrier phase tracking without reducing the SNR efficiency. seems to be of special interest.
This work shows that the combination of standard equalization with the generalized differential detection technique of [ l ] results in a structure which can cope with intersymbol interference without the need of carrier phase tracking. The LMS algorithm was employed to demonstrate the feasibility cif using this technique in an adaptive mode. If necessary, faster convergence algorithms, such as those bmed on Kalman filtering. could be employed. 
